The UV-LED mission demonstrates the precise control of the potential of electrically isolated test masses that is essential for the operation of space accelerometers and drag-free sensors. Accelerometers and drag-free sensors were and remain at the core of geodesy, aeronomy and precision navigation missions as well as gravitational science experiments and gravitational wave observatories. Charge management using photoelectrons generated by the 254nm UV line of Hg was first demonstrated on Gravity Probe B and is presently part of the LISA Pathfinder technology demonstration. The UV-LED mission and prior ground testing demonstrates that AlGaN UVLEDs operating at 255 nm are superior to Mercury vapor lamps because of their smaller size, lower power draw, higher dynamic range, and higher control authority. We show flight data from a small satellite mission on a Saudi Satellite that demonstrates AC charge control (UV-LEDs and bias are AC modulated with adjustable relative phase) between a spherical test mass and its housing. The result of the mission is to bring the UV-LED device Technology Readiness Level (TRL) to TRL-9 and the charge management system to TRL-7. We demonstrate the ability to control the test mass potential on an 89 mm diameter spherical test mass over a 20 mm gap in a drag-free system configuration. The test mass potential was measured with an ultra-high impedance contact probe. Finally, the key electrical and optical characteristics of the UV-LEDs showed less than 7.5% change in performance after 12 months in orbit.
Introduction
A Modular Gravitational Reference Sensor (MGRS) ( [1] , [2] , [3] ) is being developed for space-based missions that require nanometer to picometer level precision test mass (TM) position measurement. The MGRS is a sensor for drag free control ( [4] , [5] , [6] , [7] ) that uses optical sensing techniques to determine the spacecraft position relative to the TM, allowing the TM to float with near zero stiffness [1] . The spacecraft and the test mass housing blocks many disturbances including atmospheric drag, solar wind, radiation pressures, and mitigates thermal effects, ([8] , [9] ) which otherwise may lead to the TM path deviating from the geodesic. However, highly energetic particles are still capable of penetrating through the spacecraft outer surface and charging the TM, either directly or via secondary electron emission ( [10] , [11] ). This in turn leads to TM charging rates on the order of 5 to 200 positive charges per second [12] for most flown or active experiments, depending on orbit and solar activity, and on the shielding provided by the spacecraft and the TM housing. Breaking of contact between TM and its housing can leave the TM charged to as high as 0.5 V, depending on the materials coming in contact. Note that the TM to housing capacitance is of the order of a few to tens of pF for large gap instruments (>5 mm) and as much as 1 nF for GP-B (32 µm gap). Such charging leads to an electrostatic disturbance force that would corrupt the signal necessary for both the scientific measurement and drag-free control. Generally, the limit on the TM charge is 0.1 pC -10 pC, requiring continuous or periodic activation of the charge management system.
Charge management is achieved through photoemission; missions such as Gravity Probe B [13] and LISA Pathfinder [12] have used the 254 nm UV line of mercury lamps as the light source. Deep UV-LEDs operating at 255 nm have been identified as a new method to mitigate TM charging [14] , [15] ; newer UV-LED devices operating as low as 240 nm are also becoming commercially available [16] . Compared to Hg lamps, UVLEDs are smaller and lighter, consume less power, have a wider spectrum selection, and a much higher dynamic range, with at least an order of magnitude improvement in each performance area. The power output is also very stable, with a lifetime of >30,000 hours demonstrated in laboratory testing. As noted in [17] , applied fields can interact with DC biases or charge and lead to in-band force noise; by using UV-LEDs for AC charge transfer, charge management can be performed outside the science band.
In this paper, we demonstrate an AC charge management system in a MGRS-like configuration using a single bias plate with large gap size, UV-LED light source, and a single large spherical TM as shown in Figure 1 .
AC charge management can be split into two cases: in-phase (positive charge transfer) or out-of-phase (negative charge transfer). In both cases, UV light is directed at the TM and photoelectrons are generated from its surface. Some of the UV light reflects back to the bias plate and photoelectrons are generated from the bias plate surface. In the positive transfer case, both drive signals are in phase so V bias is positive while the LED is turned on; generated photoelectrons are pulled towards the bias plate.
When V bias is negative, the LED is off and no photoelectrons are generated. In the negative transfer case, because the drive signals are out of phase, V bias is negative when photoelectrons are generated. Thus, electrons are pushed from the bias towards the TM. When V bias is positive, the LED is off and no photoelectrons are generated. The rate of charging depends on UV optical power, coating properties such as workfunction, quantum efficiency, and reflectivity, and the surface roughness of the TM and bias plate. Figure 1 . Schematic showing the basic operation of AC charge management. The solid lines describe the electron path while the dashed lines describe the UV path. When the bias plate voltage relative to the housing (V bias ) is positive, (1) photoelectrons generated from the TM and (2) photoelectrons generated from the bias plate travel to the bias plate leading to an increase in the TM potential (V T M ). When V bias is negative, (3) photoelectrons generated from the TM and (4) photoelectrons generated from the bias plate travel to the TM leading to a decrease in V T M .
UV source properties and testing
The UV-LED source considered for MGRS charge management is an AlGaN based device supplied by Sensor Electronic Technology, Inc. [18] . The UV-LEDs are available in several packages, such as those shown in Figure 2 , allowing them to be easily integrated inside a MGRS housing. The selected devices contain both an LED source as well as a witness photodiode, allowing for real-time monitoring of the UV output. Part numbers for the devices are UVCLEAN255-TO39HS/TO39TFW/SMD4.2FW, specially ordered with internal photodiodes. The output is centered at 255 nm with a Full Width at Half Maximum (FWHM) of 12 nm. Optical power output can be controlled from <1 nW to >100 µW by varying the forward current (compared to a dynamic range >140 for mercury lamps [19] ); having 5 orders of magnitude of control authority allows for the construction of a charge control scheme that is robust even when faced with high charging rates or changes in coating properties. Modulation greater than >10 kHz is also possible, allowing charge management to take place at frequencies far above the science band. The effectiveness of the charge generation ultimately boils down to the energy of the photons output from the LED and the work function of the surfaces from which photoemission is required. The photon wavelength (and energy) is determined by the LED material. In the case of the chosen AlGaN UV-LEDs, the central wavelength of 255 nm translates to an average electron energy of 4.862 eV; a test mass coating with workfunction below this level will produce photoelectrons when exposed to the UV light. For example, the work function of atomically clean Au thin film coatings in the 15-200 nm thickness range is nominally 4.9 eV, when exposed to air during normal handling procedures the work function can decrease down to 4.3 eV in a matter of days [20] . Similar changes in workfunction are also seen in the tested thin film coatings. Because of the 12 nm FWHM, even an atomically clean Au thin film surface will produce photoelectrons.
We have performed extensive tests including lifetime, radiation, and MIL-STD-1540E [21] level thermal and vibration to validate device robustness for spaceflight. Lifetime tests in vacuum (currently >30,000 hours) and nitrogen (>12,000 hours) using hemispherical lens TO-39 devices, high fluence proton irradiation (63 MeV at a fluence of 2 protons/cm) [22] using flat lens TO-39 devices, thermal vacuum (30 cycles at -34
• C to +71
• C), and vibration (14.07 g RMS for 3 minutes per axis) [23] using flat, ball, and hemispherical lens TO-39 and SMD devices have demonstrated the robustness of UV-LEDs.
Representative results from the MIL-1540 laboratory testing are shown in Figure 3 . The IV (current versus voltage) curve was generated using an Agilent E3631A power supply, optical power was measured with a Newport 1931-C power meter with a 918D-UV OD3 detector head, and spectrum was measured with an OceanOptics MayaPro spectrometer with the LED driven at 10 mA. The 918D-UV has a 2% uncertainty and 2% uniformity over the 220-349 nm range [24] , within which the emitted UV-LED spectrum falls. All properties were measured with DC current.
The IV curve for a diode is the fundamental measure of its PN junction characteristics and a family of well behaved IV curves is a good indication of diode chipset quality. During MIL-1540 level testing, the semiconductor chipset performance remains stable through all thermal and vibration tests, indicating that the electrical properties of the chipset are effectively unchanged. In the 5-10 mA range where most Figure 4 . Cutaway schematic of AC charge management experiment structure. Total TM capacitance to ground is 17 pF.
The laboratory demonstration was performed using commercially available test equipment. A single 255 nm flat window TO-39 package was used as the UV source. A dual channel function generator (Agilent 33522A) modulated both the LED and Bias with a square wave at 100Hz with 50% duty cycle, allowing precise control of relative phase. TM potential was read back using an electrometer (Keithley 6514) in voltage mode using guarded inputs. The integrated photodiode response was measured with a picoammeter (Keithley 6485) and was used for LED status monitoring. A schematic showing the experimental setup is shown in Figure 4 , and a photograph of the experimental structure is shown in Figure 5 . The TM is a 88.9 mm diameter hollow Aluminum 6061-T6 sphere with 3.175 mm wall thickness. The exterior of the sphere was cleaned via an HF etch. A 20 nm Ti sticking layer was coated over the entire surface followed by a 150 nm Au layer, both via e-beam evaporation. The Ti improves Au adhesion and prevents alloying between the Al and Au layers. The TM is supported by two insulated Ultem-1000 holding tubes. Bias is provided via a single Aluminum 6061-T6 square plate measuring 92 mm on an edge, located 20 mm away from the closest point of the TM. The bias plate is unpolished (standard extruded roughness of 3.5-7.5 µm) [25] and coated via e-beam evaporation with a 20 nm Ti sticking layer and 150 nm Au photoemission layer.
TM potential is measured using a single 38 mm diameter aluminum probe disk located 4 mm away from the sphere surface and housed inside a guard shell. The probe is curved so that its surface is always parallel to the TM. As a result, the magnitude of the electric field induced by the TM potential is equal along most of the probe. The probe is connected to the Keithley 6514 which returns the potential induced at the probe surface. The guard is driven to the probe potential by the Keithley 6514's built in voltage follower, helping shield the measurement from interference by driving electronics. igure 6. TM potential measured using a floating probe during AC charge management operation. Potential is measured relative to the system housing which is held at ground. Incident peak UV power is 10 µW modulated at 100 Hz square wave with 50% duty cycle, with a 3.0 Vpp bias. TM capacitance to ground is 17 pF. Peak charging rates are 0.53 pA (positive) and 0.40 pA (negative).
Results
During the experimental run shown in Figure 6 , a single flat window TO-39 package UV-LED was modulated with a 100 Hz square wave with 50% duty cycle and driven at 6.4 mA peak current, resulting in a peak optical power output of 10 µW. The bias was also modulated at 100 Hz, 3.0 V pp . The initial TM potential is 0.9 V, due to the residual charge left on the sphere when disconnecting it from ground. On the left figure, both LED and bias were initially in phase with each other (0 • ) leading to a peak positive charge transfer at a rate of 0.21 pA; upon reaching a peak, the bias phase was flipped to 180
• leading to a peak negative charge transfer at a rate of 0.15 pA. The LED was then turned off for several minutes. As shown in the right figure, the LED was then turned on with bias at 180
• phase, leading to a peak negative charge transfer rate of 0.53 pA, and flipping the bias phase to 0
• led to a peak positive charging rate of 0.40 pA. The upper bound on maximum predicted charging rate under these conditions is 0.6 pA. Note that positive charging occurs more quickly (40 seconds) than negative charging (55 seconds). The rate at which the TM potential changes can be reduced by decreasing the LED optical power or decreasing the duty cycle during which the LED is switched on. Previous tests have shown that the UV-LED is capable of performing charge management when being driven at 10 kHz [14] . Thus, an LED running in its normal operational range can out 1 nW average power pulsed for a single minimumwidth cycle can emit as few as 6.4 photons. The high dynamic range of the UV-LEDs will allow for lower charge and discharge rates as required by actual system performance in orbit.
The UV-LED Mission

Payload Design
Several modifications have been made at Stanford University to the design of the laboratory model to reduce the size and improve the reliability and robustness of the payload for flight. Figure 7 shows a photograph of the UV-LED flight payload. The key modifications are listed below:
• The number of LEDs has been increased from 1 to 16, allowing for study and characterization of lifetime and performance statistics. This increase also allows a higher optical power to be directed at the TM, increasing the possible charging and discharging rate.
• The experimental setup has been split into 2 identical subsystems called experiment 1 and experiment 2. Each subsystem has 8 UV-LEDs and a dedicated contact probe and charge amplifier circuit. The signal processing chain is also duplicated. This redundancy of the measurement apparatus allows for the failure of a subsystem without compromising the mission. Figure 8 shows a schematic of the dual charge amplifier measurement system.
• Both surface mount and flat window style LEDs are present, to test the effects of the space environment on different packaging and lens materials.
• The floating probe has been replaced with a contact probe and a charge amplifier with an input impedence of 10 Ω due to payload volume constraints.
• The number of bias plates has been increased from 1 to 4 for symmetry. All bias plates are gold coated and increased in size to minimize stray reflections.
• The top and bottom aluminum plates of the housing are grounded and not goldcoated. Therefore, photoemission from incident UV light will not occur from these two plates. However, electrically these plates can act as sinks for the electronic photocurrent from the bias plates and the TM. This is explained later in the paper.
• The TM has been polished to a mirror finish before coating, to more closely represent the surface finish of a MGRS TM.
• Both Ultem holding tubes have been gold coated (with the exception of a small pad that contacts the TM). This coating helps prevent the buildup of electrical charge on the holding tubes. Additionally, it helps shield the sensitive contact probe electronics from interference caused by surrounding electronic boards.
Satellite and Orbit Parameters
A spacecraft demonstration of UV-LEDs and UV-LED charge management based on the research done at Stanford University (SU) was developed jointly by King Abdulaziz City for Science and Technology in Riyadh, Saudi Arabia (KACST) and NASA Ames Research Center (ARC). The goal of the mission is to bring the UV-LED device to Figure 8 . Charge amplifier schematic. The top and bottom charge amplifiers are independent TM charge measurement or equivalently potential measurement systems referred to as experiment 1 and experiment 2. The LMP7721 is an ultra-low input bias current operational amplifier configured as a high-impedance buffer to measure the TM potential. The gold coated Ultem holding tubes provide the required electrical isolation between the TM and the chassis as described earlier.
TRL-9 and the charge management system to TRL-7 (available from [26] ). The UV-LED payload prototype was developed and tested at SU while the UV-LED engineering (flight back-up) unit and flight unit (18 kg, 45 W) were constructed, functionally tested, and environmentally qualified at ARC as a collaboration of the ARC and SU teams. The SaudiSat-4 satellite shown in Figure 9 was developed and built by KACST, where the payload integration with the satellite along with the functional and environmental testing of the entire hardware and software took place. This was primarily a KACST, ARC collaboration. The UV-LED experiment was launched on June 19 th 2014 on a Dnepr-1 rocket from Plesetsk cosmodrome in Russia as one of the 33 satellites placed in orbit [27] . The Saudi-Sat 4 (110 kg total mass, 61 W to 86 W power) was placed in a 97.6 minute period, 7,023 km semi-major axis, Sun-synchronous orbit. Contact with the spacecraft was established as soon as practical and science data acquisition started in December 2014 and continued to January 2016. Mission lifetime was expected to be at least one month followed by periodic payload turn-on and measurements. The ability for the UV-LEDs to mitigate actual space-based charging and the effects of radiation on the UV-LED device performance were studied. Extensive studies of diode parameters, and charge management efficiency were performed on the pre-flight instrument and repeated after 12 months in orbit. The test of the optical and electrical parameters of the diodes in a space environment allows us to estimate the performance of a drag-free sensor in a highly demanding and extended mission like LISA where the test mass dynamics allows a total of 3.2 pC total charge imbalance [12] . 
Flight data
A set of science scripts were prepared at Stanford that allowed measurements of the LED electrical and optical characteristics. Additional scripts were designed to exercise charge management of the TM by raising and lowering the potential (or equivalently the charge) of the sphere in a controlled manner using UV-LED light. These scripts were uploaded to the spacecraft via a ground station in Saudi Arabia and the results of the experiments were stored in the spacecraft bus memory. The results were then downloaded to the ground station when contact with the spacecraft was established.
UV-LED Characteristics
The current-voltage (IV) and power-current (PV) characteristics of the UV-LEDs were measured after the payload was turned on. The threshold voltage was approximately 5.5 V for the AlGaN diodes, matching data from individual LED qualification and ground tests of the payload. Figure 10(a) shows the IV curve at turn on, and Figure 11(a) shows the PV curves at payload turn-on. The threshold voltage and slope of the IV characteristics measured in space matched the ground measurements to within 5%. These measurements were repeated after 12 months in orbit. There was no significant change in the performance of the LEDs. Figure 10 (b) and Figure 11(b) shows the results from the same tests after 12 months in orbit. Figure 12 shows the percentage change in the key properties, including optical power, IV slope, PV slope, and threshold voltage after 12 months in orbit. The vast majority of LEDs exhibit less than 5% change, and the properties of all LEDs show change of less than 7.5% after aging on orbit. 
AC charge management
Several experiments on AC charge management were conducted by varying the experimental parameters listed in Table 1 . The sphere potential is controlled by the voltage on the bias plate that are set by a combination of DC baseline voltage and AC offset voltage as shown in Figure 13 .
The initial set of experiments were conducted on both individual UV-LED setof-eight banks (referred to as Experiment 1 and Experiment 2) to determine the performance of the system. As shown in Figure 14 , the UV-LED bank of Experiment 2 shows a slight negative bias compared to Experiment 1, caused by an electronic offset in the charge measurement system. The TM potential showed a linear variation with the bias plate potential as shown in Figure 15 . For positive bias plate potentials the slope is close to +1, as expected. However, for negative potentials the TM the slope is about -0.2. This lower slope is caused by the connection of the top and bottom plates of the housing to ground. This ground connection provides a sink for photoelectrons emitted from the TM and the housing. The electric field configuration in the housing is consequently modified from the case where all six sides of the housing are photoemissive and driven by a common V bias . This will be explained in Section 5.3 with the help of a simplified system model, and in Section 6 through the use of simulation. Figure 16 shows charge control with the LEDs operating at 75% duty cycle and a programmed combination of baseline and offset. This combination yields a net bias plate potential that cycles between positive and negative voltages. The test mass potential stabilizes rapidly within a second to the commanded bias potential. Analysis of the response time for a LED duty cycle between 40% and 90% yields a TM potential dV T M /dt in the range of 0.4 V/sec to about 1 V/sec. The measured TM capacitance to ground C2 is 28 pF as shown in Table 2 later in the paper. Therefore, the TM charging rate dQ T M /dt = C2 dV T M /dt is calculated to be between 11.2 pA to 28 pA for 40% and 9% duty cycles respectively. This is equivalent to a maximum charge transfer rate of 1.75×10
8 e − /sec. In a well-designed drag-free system, the expected worst case charging rate is estimated under 1000 e − /sec. Therefore, the UV photon flux could be lowered by 5 orders of magnitude and still meet the charge control requirements of the MGRS. Figure 16 . Charge control experiment with UV-LEDs at 75% duty cycle with fixed baseline (Bl = 0 V) and varying Offset (Os) voltages of the bias plates to obtain the corresponding TM potentials. Response time is a few seconds.
TM, housing, and charge amplifier equivalent circuit
The equivalent circuit of the test mass mounted on an Ultem spacer inside the housing and connected to the two sets of charge amplifiers is shown in Figure 17 . The four gold-coated photoemissive bias plates that form the sides of the housing are electrically connected. C1, C2, C3 and C4 are the modeled capacitances between the TM and the four electrodes. Additionally, the top and bottom plates of the housing are connected to ground and the capacitance from the TM to these plates is modeled as C6. C5 is the capacitance between the bias plates and the two ground plates. R1 is the leakage resistance of the Ultem spacer and is of the order of 10 14 Ω. C7 and C8 are the front-end amplifier capacitances to ground. Table 2 tabulates the measured capacitances using an Agilent 4263B LCR meter. The electronic photocurrent is modeled as a current source. In the case of positive bias plate potentials, the photoelectric current will flow from the TM to the plate, thus raising the TM potential. In the case of negative plate potentials, the photoelectric current will flow from the housing to the TM thus lowering the TM potential. Table 2 tabulates the measured capacitances using an Agilent 4263B LCR meter. The front-end amplifier consists of a contact probe to sense the TM potential followed by a high-impedance buffer circuit built around an ultra-low bias current operational amplifier LMP7721 [28] . The LMP7721 has a leakage current of 3 fA. Careful circuit design and guard ring techniques result in the FR4 printed circuit board (PCB) leakage to be of the order of a few pA. The output of the voltage follower is signal-conditioned using active filters and gain stages followed by analog to digital conversion (ADC). The ADC output is the data stream presented to the microcontroller for digital processing as shown in Figure 8 . The charge amplifiers are modeled as a bias current I bias from the front-end amplifier and a leakage current I leak to ground through the PCB and operational amplifier. This leakage current is of the order of a few pA. Two simplified models have been developed in order to understand and explain the data from Figure 15 for positive and negative bias plate potentials as shown in Figure 18 . In the case of positive bias plate potentials modeled in Figure 18 (a), photoelectric current I p flows from the TM to the bias plates since the plates are at the highest positive potential in the system. The TM potential will consequently rise until it approximately equals the bias plate potential. This explains the fitted slope of approximately 1 in the payload data shown in Figure 15 . The photoelectric current will settle at a value that will compensate for charge leakage from the TM due to the contact probe, PCB and the front-end amplifier. In the case of a free-floating TM in a drag-free configuration, this current should become zero.
In the model shown in Figure 18 (b), the bias plates are shown connected to a negative potential. photoelectric current I p will now flow from the bias plates to the TM. Additionally, photoemission from the TM will result in a photoelectric current I p2 to the top and bottom housing plates since these grounded plates are at a higher potential than the TM. Finally, photoemission from the housing will cause an electronic current I p1 from the negative bias plates to the ground plates. I p1 will flow continuously since the potentials of the bias plates and the ground plates of the housing are fixed. The TM potential will now follow the bias plate potential based on the capacitive divider formed by Cx and Cy. In other words, for a charge Q on the TM, Q = Cx*( V bias -V T M ) = Cy*V T M . Therefore the voltage ratio V T M /V bias = Cx/(Cx+Cy). Using the capacitance measurements from Table 2 , this ratio works out to 0.18. This is close to the fitted slope of 0.23 for negative bias plate potentials from Figure 15 . Table 2 . I p is the photoelectric current that flows from the bias plates to the TM. a) The bias plates are at a positive potential relative to ground. I p flows from the TM to the bias plates thus raising the potential of the TM. b) The bias plates are at a negative potential. I p flows from the bias plates to the TM thus lowering the potential of the TM. Additionally, I p1 and I p2 flow from the bias plates and the TM to the ground plates of the housing, respectively. The capacitance measurements were performed on the engineering model at
Stanford that has slight differences from the flight model in its housing situated inside the satellite. Therefore, the electric field distributions and consequently the capacitances will not be the same and will result in variations of the measured TM potential between the laboratory model and the flight unit in orbit. Again, the photoelectric current I p1 will be continuous, while photoelectric current I p2 will settle to a value that will compensate for the charge leakage through the charge amplifier electronics from PCB leakage, bias current for the operational amplifier etc. It is important to note in the above discussion that conventional current flows in a direction that is opposite to the direction of the photoelectric current shown in the figures.
Electric field simulation
In order to validate the analysis of the charging and discharging physics in Section 5, a MATLAB based E-field simulation was developed, giving a better understanding of the interaction between the charged test mass, driven bias plates, and grounded payload housing. The methods and setup used for the simulation are shown in Section 7
The electric field streamlines and magnitudes are shown in Figure 19 for the case of V bias and V T M >0 and Figure 20 for V bias and V T M <0. It is clear from the electric field lines that the electron path is greatly influenced by the presence of the grounded housing. In both cases, the field lines connect the equator of the test mass and the center region of the bias plate. However, the field lines from the test mass poles and edge region of the bias plates connect to the grounded housing. Note from Figure 1 the requirements for positive and negative charging. In the configuration shown in Figure 19 , electrons generated by the test mass are easily swept away to the bias plate; those generated by the bias plate are pushed back to the bias plate or swept to ground. The electrons generated near the test mass poles are also swept back to the test mass. Thus, the bias plate effectively controls the flow of electrons. In the case of Figure 20 with V bias and V T M <0, while electrons generated by the bias plate are easily swept to the test mass, those generated by the test mass near the poles are swept towards the housing, counteracting each other giving the bias plate less control authority.
The maximum amplitude of V T M for a given V bias can be computed by taking the magnitude of E at the equator and poles, E Eq and E P ole of the test mass for a given V bias . The maximum amplitude of V T M is when E Eq =E P ole . Once E P ole dominates, the electrons primarily flow towards the grounded housing and not the test mass. Running the simulation across the range of V bias gives the results in Figure 15 . The simulation closely matches the results from flight; when V bias >0, the V T M closely tracks V bias . However, when V bias <0, there is approximately a -1/5 slope, governed by the structure geometry and system capacitances. 
Conclusions
The drag-free community has shown great interest in an LED source for charge management because of the significant advantages that it offers over traditional Hg lamp systems, especially in terms of system weight, volume, power, low thermal burden and operational flexibility. Laboratory research, ground measurements and flight data show that a charge management system based on low-power, high-bandwidth UV-LEDs can control test mass potential rapidly and with a high degree of fidelity. AC charge control allows us to exercise charge management without introducing noise in the MGRS signal detection band. We have demonstrated the ability to raise and lower the potential of the test mass using a combination of DC bias and a superimposed AC signal on the housing plates along with a phased AC drive of the UV-LEDs. The measured TM potential tracks the housing potential linearly with a high degree of accuracy. Detailed analysis of the flight data shows minimal degradation of the electrical and optical characteristics of the UV-LEDs, allowing the devices to be used on long-duration missions and in harsh space environments.
We continue to monitor the performance of the payload diodes with periodic measurements of the diode electrical and optical characteristics along with charge management reliability and repeatability. The increased variety of surface coatings provides a larger design space for the TM, allowing for better performance and higher survivability of the system. In the future, we will continue research on coating properties, AC and passive charge management techniques, fiber-optic UV light delivery systems and integration of the UV-LED charge management system into a complete MGRS with applications to new drag-free missions like LISA and GRACE follow-on. Figure 21 shows the high level process by which the electric field and VBias vs. V T M relationship is determined. Figure 21 . Flowchart of E field simulation First, the payload geometry is generated, including the housing, bias plates, and test mass. Note that the grounded holding tube coating is not included in the simulation. The geometric values used are shown in Table 3 . The test mass is modeled using discrete charges while the bias plate is modeled as a continuous surface. Next, image charges are generated to ensure that the field lines are normal to each grounded and conductive surface. Image charges about the grounded housing are generated by simply reflecting the base charges about the housing and negating the charge magnitude. Image charges due to the conductive test mass, on the other hand, are generated based on the methods found in [29] . Finally, a mesh is generated inside the volume of the payload and E x,y,z at each point are computed. For the bodies modeled as discrete charges, E is computed by summing up the electric field due to each point charge. Simultaneously, the following expression is evaluated over the entire area of the bias plate to find its contribution to the electric field:
where y and z are parallel to the bias plate surface, #-r is the vector from the center of the bias plate to the point in space where E is being computed, and #-r is the vector from the center of the bias plate to any location on the bias plate.
